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Abstract The oviposition choice of an insect herbivore is
based on a complex set of stimuli and responses. In this
study, we examined the effect of plant secondary chemistry
(the iridoid glycosides aucubin and catalpol) and aspects of
size of the plant Plantago lanceolata, on the oviposition
behavior of the specialist butterfly Melitaea cinxia. Iridoid
glycosides are known to deter feeding or decrease the
growth rate of generalist insect herbivores, but can act as
oviposition cues and feeding stimulants for specialized
herbivores. In a previous observational study of M. cinxia
in the field, oviposition was associated with high levels of
aucubin. However, this association could have been the
cause (butterfly choice) or consequence (plant induction) of
oviposition. We conducted a set of dual- and multiple-
choice experiments in cages and in the field. In the cages,
we found a positive association between the pre-oviposition
level of aucubin and the number of ovipositions. The
association reflects the butterfly oviposition selection rather
than plant induction that follows oviposition. Our results
also suggest a threshold concentration below which females
do not distinguish between levels of iridoid glycosides. In
the field, the size of the plant appeared to be a more
important stimulus than iridoid glycoside content, with
bigger plants receiving more oviposition than smaller
plants, regardless of their secondary chemistry. Our results
illustrate that the rank of a cue used for oviposition may be
dependent on environmental context.
Keywords Herbivore.Iridoidglycosides.Melitaea cinxia.
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Introduction
Choosing a plant for oviposition is a challenging task for
female herbivorous insects because site and plant selection
are crucial for the successful development of her progeny
(Singer 1986; Mayhew 1997). Ovipositing insects experi-
ence external stimuli (e.g., visual and olfactory cues), their
own internal physiological stimuli, and a series of environ-
mental constraints (e.g., availability of host plants; Visser
1986; Bernays and Chapman 1994; Badenes et al. 2004). In
this paper, we study the role of plant secondary chemistry
and size of the host plant Plantago lanceolata L.
(Plantaginaceae) on the oviposition behavior of its specialist
herbivore, the Glanville fritillary butterfly Melitaea cinxia
(Linnaeus 1758) (Lepidoptera: Nymphalidae). Most lepi-
dopteran species, 90–95% (Stamp 1980; Hebert 1983), lay
only a single egg on a plant before moving on to another
plant and laying another egg. By contrast, checkerspot
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P.O. Box 35, 40014 Jyväskylä, Finlandbutterflies such as M. cinxia lay their eggs in clusters, often
depositing a single cluster in a day (Wahlberg et al. 2004;
Saastamoinen 2007). Butterflies that lay eggs singly must
often seek at least 20–50 oviposition sites per day and thus
may be more time limited than egg limited (Courtney
1982), whereas for butterflies that lay their eggs in clusters,
the costs of prolonged search or host assessments may be
beneficial (Singer 2004).
In general, butterflies are attracted to alight on plants
through a combination of visual and olfactory stimuli
(Rausher 1978; Feeny et al. 1989; Janz and Nylin 1997).
A positive response to visual stimuli is to alight and taste a
plant. To assess whether a plant is chemically acceptable, a
female checkerspot butterfly scratches the surface of a leaf
with the first pair of tarsal claws. This scratching damages
the leaf surface and facilitates the release of chemical
stimuli that are assessed by the female butterfly. If the plant
is accepted for oviposition, the butterfly curls her abdomen
to the underside of a leaf and oviposits. In checkerspot
butterflies, plant acceptance depends on the physical
features of the oviposition site such as the size, shape,
and orientation of the leaf (Singer 2004).
Most checkerspot species are oligophagous or even
monophagous on plant species that produce iridoid glyco-
sides (IGs) as plant secondary compounds (Bowers 1983;
Jensen 1991; Wahlberg 2001; Murphy et al. 2004; Reudler
Talsma et al. 2008). In this study, we focus on two IGs,
aucubin and catalpol, which are found in more than ten
Asteridae plant families (El-Naggar and Beal 1980;
Olmstead et al. 2000). These IGs are known to be
oviposition cues for the specialist butterfly Junonia coenia
(Pereyra and Bowers 1988) and feeding stimulants for
larvae of at least some checkerspot butterflies (Bowers
1983). M. cinxia larvae perform better on diets high in
iridoid glycosides (Harvey et al. 2005; Saastamoinen et al.
2007).
Nieminen et al. (2003) examined the natural pattern of
oviposition by M. cinxia on their food plant, P. lanceolata
in the field. The authors compared plants used for
oviposition with neighboring and random plants in the
patch. They found that plants used for oviposition
contained significantly higher concentrations of aucubin
than neighboring and random plants. Additionally, plants
selected for oviposition and random plants had higher
catalpol concentrations than neighboring plants. This
suggests that ovipositing females selected plants with
higher IG concentrations, or at least with higher concen-
trations of aucubin.
An alternative explanation for the positive association
between IG concentrations and oviposition in Nieminen et
al. (2003) is that the presence of butterfly eggs on leaf
tissues leads to an induction of IGs in the plant. Studies of
other insects have reported that allelochemicals in plants
can be induced through oviposition and the presence of
eggs on, or imbedded in, the leaf surface (Agrawal 2000;
Colazza et al. 2004; Hilker et al. 2005). Induction of IGs by
M. cinxia oviposition has not been investigated thus far, but
IG production in P. lanceolata can be induced both by
fungal infection (Marak et al. 2002) and by herbivory
(Darrow and Bowers 1999; Stamp and Bowers 2000).
Furthermore, Peñuelas et al. (2006) found that the leaves of
Lonicera implexa (Camprifoliaceae) with egg clusters of
Euphydryas aurinia (a close relative of M. cinxia) had 15-
fold higher concentrations of IGs than leaves directly
opposite on the same plant.
Plant size as well as chemistry may influence butterfly
oviposition choice. Large plants may receive more eggs
than small plants simply because they are visually
conspicuous and difficult to leave accidentally after
alighting. If the butterfly can perceive size, then large
plants may also be used because they are more suitable for
larval development. For instance, the gregarious M. cinxia
larvae seldom move to another individual plant during early
instars (although this can happen, see “Results”), so they
would benefit from a large oviposition plant (Kuussaari et
al. 2004). Indeed, Nieminen et al. (2003) found that
naturally occurring egg clusters tended to occur on larger
than average plants. More generally, the ‘plant vigor
hypotheses’, elaborated by Price (1991), predicts that
vigorous pants that reach a larger than average size should
be preferred by herbivores. Both plant biomass and
nutritional quality may be higher in vigorous plants
(Heisswolf et al. 2005; Lastra et al. 2006).
We performed a set of dual- and multiple-choice experi-
ments in cages and in the field to answer the following
questions: (1) What is the effect of P. lanceolata plant
chemistry on the oviposition behavior of M. cinxia? (2)
Does oviposition cause induction of IGs in the host plant?
(3) What is the effect of plant size (measured as number of
leaves) on the oviposition behavior of M. cinxia butterflies?
Methods and materials
Study Species M. cinxia (Glanville fritillary) butterflies
used for these experiments were the offspring of field-
caught butterflies from Åland, SW Finland. In Åland, the
butterflies fly in June and lay large clusters (150–200 eggs)
on the underside of leaves of P. lanceolata and Veronica
spicata L. (Plantaginaceae) (Kuussaari et al. 2000). Larvae
hatch after 2–4 weeks depending on the temperature. The
larvae spin a communal web on the host plant and feed
gregariously throughout the summer. Because of restricted
mobility, small larvae usually depend on the host plant the
adult female chose for oviposition. Larvae diapause
gregariously as L5 in a silk winter nest and become active
J Chem Ecol (2008) 34:1202–1212 1203 1203again in spring. In the last instar (L7), larvae disperse and
feed individually. They pupate within the vegetation in mid
May (Kuussaari et al. 2004).
P. lanceolata (ribwort plantain) is a perennial plant with
a worldwide distribution (Sagar and Harper 1964). In
natural populations, IG levels range from undetectable to
ca. 9% of dry weight (Bowers 1991). In the field in Åland,
these concentrations range between 0.6% and 2.2% for
aucubin and between 0.7% and 2.0% for catalpol (Nieminen
et al. 2003). The variation in the constitutive IG amount in
P. lanceolata is partially genetically determined (Adler et
al. 1995; Bowers and Stamp 1992, 1993). Most plants used
for oviposition experiments were derived from an artificial
selection experiment, in which plants were selected on the
basis of high and low concentrations of total leaf iridoid
glycosides for four generations (Marak et al. 2000). For
experiment 1 (see below), nine plants, each derived from a
different half sib family from the low selection line, and six
plants, each derived from a different half sib family from
the high selection line, were clonally propagated following
root cloning (Wu and Antonovics 1975). This resulted in 15
different genotypes. In addition, for experiments 2 and 3,
five new crosses were made between pairs of plants of the
low selection line and five crosses between pairs of plants
of the high selection line. From each of these crosses, a
single offspring was raised and clonally propagated. This
resulted in five from the low (L1–L5) and five genotypes
originating from the high (H1–H5) IG selection line. Since
not all genotypes originating from the high selection line
have higher IG concentrations than all genotypes originat-
ing from the low selection line under all environmental
conditions (see “Results”), we use differences in IG
between genotypes, rather than selection lines, as the basis
of our experiments. In experiment 1, we included 15 more
plants that were collected from the field in Åland to extend
the range of variation in concentrations of aucubin and
catalpol used in the experiment. Although these plants had
similar IG concentrations as genotypes from the selection
lines (field plants 4.3±0.5% dry weight (dw); plants from
the selection lines 4.5±0.5% dw), they had lower average
concentrations of aucubin but higher average concentra-
tions of catalpol (see Fig. 4).
Oviposition Experiments Three experiments were carried
out to study the oviposition behavior of M. cinxia in
response to concentrations of iridoid glycosides and plant
size of P. lanceolata. In experiments 1 and 2, we offered
potted plants to butterflies in cages by using dual (exp. 1) or
multiple (exp. 2) choice tests. In experiment 3, we trans-
planted plants and butterflies to a natural field plot.
Experiments were carried out in Finland, except for one
of the cage experiments (exp. 2) that was carried out in the
Netherlands. In the cage experiments, none of the plants
flowered, and M. cinxia females usually laid a single egg
batch per plant.
Experiment 1: Small Cages, Finland In total, 30 pairs of
plants were used in dual-choice oviposition tests, using
eight small mesh cages (38×38×44 cm) over the course of
13 days in June 2005, when the weather was sunny and
warm. Cages were placed outside the Nåtö Biological
Station, Åland, Finland. In 18 trials, we used sets of two P.
lanceolata plants of different genotypes, one randomly
selected from the nine genotypes of the low, and one
randomly selected from the six genotypes of the high
selection line. In 12 other trials, we used sets of two of the
Finnish plants from the field. Before the plants were put in
the cage, we counted the number of leaves, and the second
fully expanded leaf was taken to determine its IG content
by using high-performance liquid chromatography (HPLC)
analyses. A mated female M. cinxia butterfly was put into
each cage along with a sponge saturated with honey water
(1:3) to provide a source of water and food for the butterfly.
At the end of the day, all plants and butterflies were
removed from the cages. Plants were then searched for
butterfly egg clusters. The following day, the number of
eggs in each cluster was counted. This process was repeated
with new plants and butterflies without oviposition experi-
ence. If a butterfly died in the cage, and there was no
oviposition, the same pair of plants was used again with a
new butterfly. In total, 44 different female butterflies were
used, and 19 of them oviposited.
To see if there was systemic induction of IGs in the plant
after oviposition, we determined the IG concentrations in
leaves from 28 plants that received eggs (19 from
experiment 1 and an additional nine from a similar
unpublished experiment). We compared the IG concentra-
tion of the second fully expanded leaf, sampled before
oviposition, with that of a leaf from the same rosette ring as
the one that bore the egg batch. This leaf was sampled the
evening after oviposition.
Statistical Analyses Cage trial was used as the experimental
unit. In 19 of the cages, oviposition was observed. In 17
cases, butterflies oviposited on only one of the two plants.
In two cases, butterflies oviposited on both plants, but laid a
“normal-sized” cluster on one plant (overall clutch size ±
SE=121±22) and only a few eggs (18 and 23, respectively)
on the other plant. Only plants with the “normal-sized”
clusters were considered as oviposition plants in the
analyses. Paired t tests (STATISTICA version 7.1 (StatSoft
Inc., Tulsa, OK, USA) were used to test whether within a
cage leaf IG concentrations and plant size (number of
leaves) differed between plants with and without oviposi-
tion. The number of leaves, the number of eggs, and the
aucubin concentration were log10-transformed prior to
1204 J Chem Ecol (2008) 34:1202–1212analyses to meet the assumptions of normality and
homogeneity of variances. We used Pearson’s correlations
to test for associations of egg cluster size with the iridoid
concentrations and plant size (number of leaves).
Experiment 2: Large Cages, the Netherlands Ten cages
(1×1×1 m) were placed outside near the Netherlands
Institute of Ecology at Heteren. In each cage, we placed
ten plants, five genotypes originating from the low (L1–L5)
and five originating from the high IG selection line (H1–
H5; see study species). Each cage represented a single
replicate. We counted the number of leaves on each plant
and collected the sixth fully expanded leaf for chemical
analyses. A male and female of M. cinxia were released into
each cage. Over the following days, we checked for
evidence of oviposition, but if oviposition occurred, we
did not remove the plant or the butterflies. We marked the
leaves onto which the female butterflies had oviposited, but
did not remove the eggs. If a female died without
ovipositing, she was replaced by a new female. The
experiment was terminated when all of the butterflies had
died. In total, we used 13 female butterflies from 25th May
until the 16th June 2003, six of these butterflies laid eggs.
Statistical Analyses Cages were used as the experimental
unit. Paired t tests were used to test whether average IG
concentrations and the number of leaves differed between
plants with and without oviposition events within a cage.
Aucubin was log10-transformed, and catalpol and total IG
values were square-root-transformed prior to analyses to
meet assumptions of normality and homogeneity of
variances. Associations of plant size with iridoid concen-
tration were compared by using Pearson’s correlations.
Experiment 3: Uncaged Field Experiment, Finland We
used the same ten genotypes of P. lanceolata as in the
above experiment, L1–L5 and H1–H5. In the fall of 2001,
we made 40 clonal replicates of each genotype by using the
root-cloning method from Wu and Antonovics (1975).
Plants were maintained over the winter in 11 cm pots filled
with potting soil in an unheated greenhouse in Heteren, the
Netherlands. In May 2002, roots of the ca. 25-cm tall plants
were washed to remove adhering potting soil, put in moist
bags, shipped to Finland, and stored at 4°C until transplan-
tation. A small field was selected as transplantation site, in
an open, dry rocky area on peat soil with sparse shrubs and
trees near Tvärminne Zoological Station, SW Finland (59°
50′35 N, 23°14′54 E). This site represents a suitable habitat
within the distribution range of P. lanceolata and M. cinxia,
but neither of the species was present. On May 11, 2002,
plants were planted in 40 patches of ten plants, with each
patch containing one individual of each genotype. Roots
were gently placed in small slits in the soil to minimize
disturbance of the natural vegetation. Plants within the
patches were planted 10 cm apart, and the patches were at
least 2 m apart. They were watered as required.
M. cinxia larvae were collected from Åland in 2001,
overwintered as fifth instar in the lab at Nåtö Biological
Station, Finland, and pupated in the spring of 2002.
From the 300 reared pupae, 269 adult butterflies (134 ♂
and 135 ♀) emerged, and were introduced in the field site
the morning after they had emerged. This occurred between
June 6 and 9, 2002, when the experimental plants had
regrown new leaves under the prevailing conditions.
We harvested the two youngest fully expanded leaves of
each plant from seven patches and air-dried them for HPLC
analysis of IGs to estimate the average concentration of IGs
for each genotype in the field. Starting when the first
butterflies were released on June 6, plants were checked
daily for the presence of egg clusters. Egg clusters were left
in place and we recorded whether eggs hatched and
whether caterpillars managed to produce a winter nest. As
some caterpillars moved from the oviposition plant to
nearby plants, the number of damaged plants exceeded the
number of plants on which oviposition occurred, and some
winter nests occurred on non-oviposition plants. On June
15, we measured the number of leaves and the length and
width of the longest leaf of each experimental plant. All
plants in the field were of the same age because they were
cloned at the same time.
Statistical Analyses Differences in plant size and iridoid
glycoside concentrations among genotypes and patches
were analyzed by using generalized linear models
(Procedure GENMOD, SAS v. 8.2, SAS Institute, Cary,
NC, USA) with a normal error distribution. Leaf length,
leaf width, leaf number, and the product of these (“plant
size index”), as well as the concentrations of aucubin,
catalpol, and total IG were square-root-transformed prior
to analyses to meet assumptions of normality and
homogeneity of variance. Plant size index was used as
a covariate in analyses of iridoid glycosides to estimate
size-independent genotypic differences in secondary
chemistry. Effects of plant size, genotype, and patch on
the number of egg clusters, number of hatched clusters,
and number of diapausing clusters per plant were
analyzed by using a GLM with a Poisson error distribu-
tion and a log-link function after (x+1) transformation of
the independent variables. Since concentrations of aucubin
and catalpol were measured only in a subset of the plants
and yielded insufficient data on phenotypic associations
between secondary metabolites and oviposition, the effects
of aucubin and catalpol on oviposition were assessed by
using the mean genotypic concentration. We performed
univariate and multiple regression of genotype means for
size and secondary metabolite concentrations on genotype
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hatched, and surviving to diapause).
Chemical Analyses The second fully expanded leaf was
taken from all the P. lanceolata plants used in experiment 1.
They were air-dried in open envelopes as were the leaves
collected from the field plot in experiment 3. The sixth fully
expanded leaf from the plants in the cages in Heteren
(exp. 2) were frozen at −80°C and freeze-dried. After the
leaf drying step, the procedure for chemical analyses was
the same for all experiments. Leaves were ground with a
Laboratory Vibration Mill (MM 301, Retsch GmBH & Co,
Germany). Fine ground dry material of the leaves (25 mg)
was extracted in 10 ml of 70% MeOH and shaken
overnight. The crude extract was filtered on a Whatman
#4 filter paper and diluted ten times with Milli-Q water.
Concentrations of the IGs aucubin and catalpol were
analyzed by HPLCwith a Bio-Lc (Dionex Corp., Sunnyvale,
CA, USA) equipped with a GP40 gradientpump,a Carbopac
PA 1 guard (4×50 mm) and analytical column (4×250 mm),
and an ED40 electrochemical detector for pulsed amperi-
metric detection (PAD).NaOH(1M)andMilli-Qwater were
used as eluents (10:90, 1 ml/min). Retention times were 3.25
and 4.40 min for aucubin and catalpol, respectively.
Concentrations were analyzed with Chromeleon version
6.60 (Dionex Corp. Sunnyvale, CA, USA).
Results
Experiment 1: Small Cages, Finland Oviposition was
observed in 19 cages, with a total of 21 egg batches. Plants
onto which M. cinxia oviposited had a significantly higher
level of aucubin (2.56±0.43) than plants without (1.57±
0.37) oviposition within the same cage (paired t test, t=
2.78, df=16, P=0.013; Fig. 1a). In 71% of the cases,
females chose the plant with the higher aucubin concentra-
tion. By contrast, there were no consistent differences in the
concentration of catalpol between plants selected (2.25±
0.35) and ignored (2.59±0.35) for oviposition (paired t test,
t=−0.72, df=16, P=0.48). There was also no significant
difference in the total IG concentration between plants with
(4.81±0.58) and without (4.16±0.55) oviposition (paired
t test, t=0.81, df=16, P=0.43).
The number of leaves on the plants ranged from six to
26. There was no association of leaf number with
oviposition choice (paired t test, t=0.45, df=15, P=0.66;
Fig. 1b). In 43% of the cases, the plant onto which the
butterfly oviposited had fewer leaves than the alternative
plant, whereas in 50% of the cases it had more leaves. For
plants on which eggs were laid, there was no correlation
between the egg cluster size and the iridoid concentration
or plant size (number of leaves; aucubin: r=−0.085, N=17,
P=0.75; catalpol: r=0.15, N=17, P=0.56; total iridoid
level: r=0.19, N=17, P=0.46; no. of leaves: r=0.43, N=16,
P=0.10).
The observed patterns of associations between plant
traits and oviposition did not differ between the cages with
plants originating from the field (Finnish plants) and the
cages with plants from the cloned Dutch genotypes. Higher
concentrations of aucubin in plants chosen for oviposition
were observed both for the Finnish (1.8±0.6% vs. 1.0±
0.3%) and for the Dutch plants (3.3±0.6% vs. 2.0±0.6%),
whereas neither the concentration of catalpol (Finnish:
3.0% vs. 3.4%; Dutch 1.6% vs. 1.7%) nor the number of
leaves (Finnish 17.4 vs. 15.3; Dutch 9.4 vs. 9.0) affected
oviposition.
We analyzed concentrations of iridoid glycosides in
leaves of 28 plants both before and after oviposition. These
measures did not differ significantly, suggesting that there
was no systemic induction of IGs by the oviposition event
within the observed time frame (1 day; paired t test,
aucubin: t=−0.15, df=27, P=0.89; catalpol: t=0.22, df=27,
P=0.82; total iridoid glycosides: t=1.7, df=27, P=0.10).
Experiment 2: Large Cages, the Netherlands Oviposition
by M. cinxia was observed in six of the ten cages, on one to
four plants within a cage, with a total of 15 egg batches on
12 plants. The average iridoid glycoside concentrations of
plants with oviposition did not differ from those without
oviposition within a cage (paired t tests, aucubin: t=1.35,
df=5, P=0.23; Fig. 1a; catalpol: t=1.83, df=5, P=0.13;
total IG concentration: t=1.57, df=5,P=0.18). Egg batches
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Fig. 1 a Average leaf concentration of aucubin (percent of dry
weight) and b average number of leaves on Plantago lanceolata plants
with (black bars) and without (hatched bars) oviposition by Melitaea
cinxia in experiments 1 and 2. Note that experiment 1 represents a 1-
day dual-choice test, whereas experiment 2 represents a multiple-
choice test of longer duration. See text for a detailed description of the
experiments. *P<0.05
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average (t=−3.91, df=5, P<0.05; Fig. 1b). The number of
leaves ranged from six to 49 and was negatively correlated
with the iridoid concentration (aucubin: r=−0.047, N=59,
P<0.001;catalpol:r=−0.045, N=59,P<0.001; total IG level:
r=−0.048, N=59, P<0.001).
Experiment 3: Field Site, Finland; Size and Chemistry of
Plant Genotypes Plant size differed both among genotypes
and patches (Tables 1 and 2). There was a three-fold
variation among genotypes. Genotypes also showed a
significant, ca. four-fold, variation in their average leaf
concentration of iridoid glycosides (Table 1). The range of
aucubin concentrations (nine-fold) was larger than the
range of catalpol concentrations (four-fold, Table 1). Al-
though genotypes originating from the high IG selection
line (H1–H5) on average had higher concentrations of total
iridoid glycosides than genotypes originating from the low
IG selection line (L1–L5; Table 1), the concentrations of the
constituent components aucubin and catalpol varied greatly
among genotypes within lines. Part of the variation in total
concentrations of iridoid glycosides and catalpol among
plants was associated with plant size (Table 2). The total IG
concentration of the plant was negatively correlated with
both the number of leaves and the size index of the plants
(phenotype concentration: no. of leaves: r=−0.55, N=64,
P<0.001; size index: r=−0.43, N=64, P<0.001; genotype
concentration: no. of leaves: r=−0.77, N=10, P<0.01; size
index: r=−0.68, N=10, P<0.05). In other words, larger
plants tended to have lower IGs. The concentrations of both
aucubin and catalpol were independent of the patch where
plants were growing (Table 2).
Experiment 3: Field Site, Finland; Oviposition and Performance
of M. cinxia on Different Plant Genotypes Egg clusters of
M. cinxia were found in 41 (10.3%) plants in the field site.
The total number of egg clusters was 63, with a maximum
of seven per plant and nine per patch. Forty-eight (76.2%)
of the egg clusters hatched, and one-third of them
eventually produced winter nests. Of these nests, 13 were
on the initial oviposition plant and eight on non-oviposition
plants to which the larvae had moved during the season.
The number of egg clusters per plant increased signifi-
cantly with plant size and differed both among patches and
among genotypes (Table 3), ranging from a mean number
of 0.025 to 0.50 clusters per plant for different genotypes.
Similar effects were found for the number of successful
clusters, i.e., clusters that hatched (Table 3). The effects of
plant size on the number of egg clusters were mainly due to
an increase in oviposition with the number of leaves per
plant (Fig. 2a). The association between maximum leaf
length and oviposition was non-linear: plants with leaves of
an intermediate length of ca. 8 cm were the most often used
for oviposition (Fig. 2b), whereas leaf width was not
associated with the number of egg clusters on a plant (P>
0.5). Univariate regression analysis (Table 4) showed that at
the genotype level, two factors significantly contributed to
differences in the number of egg clusters per plant: average
concentrations of aucubin and average leaf length (Table 4,
Fig. 2b,c). In a multiple regression, the effect of aucubin
disappeared (Table 4), indicating that it was partly mediated
by genotypic correlations with other factors. In particular,
this involved a negative correlation with leaf number
(Fig. 3) that tended to have a positive effect on oviposition
(Fig. 2a), and a positive correlation with maximum leaf
Table 1 Characteristics of ten Plantago lanceolata genotypes selected for low (L1–L5) or high (H1–H5) leaf IG in the Tvärminne field site and
occurrence of Melitaea cinxia on them (exp. 3)
Leaf IG (% dw) Plant size (cm) M. cinxia
Total SE Aucubin SE Catalpol SE Size index Leaf number Leaf length Leaf width P C H D
L1 2.15
a 0.11 0.55
a 0.05 1.57
a 0.09 179.0
f 17.9
c 10.2
ab 0.99
bc 11 20 17 5
L2 5.77
bc 0.19 1.98
cd 0.11 3.77
bc 0.15 89.6
bc 6.2
a 13.4
c 1.03
c 111 1
L3 5.79
bc .018 2.93
d 0.12 2.80
b 0.12 95.9
bcd 9.7
b 11.8
bc 0.85
ab 333 1
L4 5.30
b 0.19 2.62
cd 0.12 2.67
b 0.13 101.1
cde 7.7
ab 9.7
a 1.34
d 551 1
L5 6.29
bcd 0.20 0.85
ab 0.07 5.41
d 0.18 64.9
ab 9.8
b 9.4
a 0.70
a 344 3
H1 7.27
cde 0.20 1.85
c 0.09 5.39
d 0.17 125.3
de 9.8
b 12.0
bc 1.03
c 333 0
H2 8.60
e 0.22 4.93
e 0.15 3.65
bc 0.14 90.1
bcd 7.0
a 13.0
c 0.97
bc 111 1
H3 7.91
de 0.23 1.62
bc 0.10 6.20
d 0.20 83.5
abc 8.0
ab 10.5
ab 0.98
bc 41 0 95
H4 6.65
bcde 0.23 2.00
cd 0.12 4.51
cd 0.19 56.0
a 6.0
a 9.0
a 0.93
bc 71 2 82
H5 5.07
b 0.17 1.72
c 0.09 3.32
bc 0.13 138.9
ef 9.2
b 13.8
c 1.07
c 341 2
Values for leaf IG concentrations and plant size are back-transformed least square estimates from GLM with block and genotype effects. Values
within columns that do not share a common letter have non-overlapping 95% confidence intervals. Occurrence of M. cinxia is summed over the
40 replicate plants per genotype: the observed numbers of plants with egg clusters (P), total numbers of egg clusters (C), hatched clusters (H), and
diapausing groups in winter nests (D).
J Chem Ecol (2008) 34:1202–1212 1207 1207length that had a negative effect on oviposition in the range
of values for the genotype means (Fig. 2b).
Comparison of Plant Chemistry Between the Three
Experiments The total amount of IGs as well as the ratio
of aucubin to catalpol differed among the experiments
(Fig. 4). Plants originating from Finnish field sites that were
used in the small cages (exp. 1) and cloned genotypes
transplanted into natural habitat in Finland (exp. 3) had on
average more catalpol than aucubin. By contrast, cloned
genotypes grown in potting soil in the small cages in
Finland (exp. 1) or large cages in the Netherlands (exp. 2)
had on average more aucubin than catalpol. In the large
cage experiment (exp. 2), the concentrations of IGs were
generally very low. Especially striking is the huge dif-
ference between the plants used for the experiment in NL
(exp. 2) and the field experiment in Finland (exp. 3)
because plants used for these two experiments were of the
same genotypes. Although the rank order of the genotypes
was consistent across both of these experiments (Fig. 5), the
absolute concentrations of IGs were significantly higher in
the field experiment in Finland (exp. 3). Concentrations of
aucubin in these genotypes were ca. three times higher in
Finland (t=5.44, df=9, P<0.001), whereas concentrations
of catalpol were on average more than 20 times higher in
the field experiment in Finland (4.0%) than in the large
cage experiment in the Netherlands (0.16%; t=8.75, df=9,
P<0.001).
Discussion
Butterflies that lay eggs in clusters, such as checkerspots,
are expected to spend more time discriminating among
potentially suitable host plants than solitary egg laying
species (Singer 2004). When a searching M. cinxia female
alights on a plant, it habitually “tastes” it, rests for a while
before moving to another part of the plant or to another
plant, and tastes again, continuing this process until she
finds a plant chemically acceptable and begins to oviposit.
The female selects where to oviposit based on cues she
obtains from the plant. The results of the cage experiment
in Finland (exp. 1) suggest that oviposition choice in female
butterflies is related to concentration of aucubin in the
plant. This result is in agreement with those of Nieminen
et al. (2003) obtained by sampling from natural populations
in the field.
We found no difference in IG concentrations of leaves
before and after oviposition, suggesting that the butterflies
chose plants with higher aucubin, and that the oviposition
event itself did not systemically induce further production
of IGs. However, since we did not measure IG concen-
trations before and after oviposition in the leaf that was
actually oviposited on, there remains the possibility that
local induction in the leaf selected for oviposition occurs
(Peñuelas et al. 2006). Also, our post-oviposition sample
occurred the evening after oviposition. It is possible that the
induction of the IGs took longer than a single day.
Unfortunately, although induction of secondary metabolites
following herbivory is well studied, the timing of induction
that follows oviposition is poorly studied. We do know that
induction of IGs in P. lanceolata that follows fungal
infection has been observed as early as 6 h after inoculation
(Marak et al. 2002), while induction after leaf damage by
caterpillars of the specialist J. coenia was not observed until
6 days after herbivory (Fuchs and Bowers 2004).
The concentration of aucubin is correlated with the total
concentration of IGs. Several experiments have shown that
the performance of M. cinxia larvae is enhanced when the
larvae feed on plants with a higher concentration of IGs
than on plants with a lower concentration. They have a
shorter development time, higher larval weight, and they
Table 2 Effects of patch and genotype on the size and leaf IG concentration of Plantago lanceolata in the Tvärminne field site (exp. 3)
Source df Size index Leaf number Leaf length Leaf width df IG total Aucubin Catalpol
Covariate 1 35.3*** 3.0 30.9***
Patch 39 2.5*** 2.5*** 1.9** 2.5*** 7 1.3 1.1 1.6
Genotype 9 12.0*** 22.9*** 10.9* 11.5*** 9 12.9*** 13.5*** 10.1***
Error 334 49
Size index was used as a covariate in analyses of IGs. Values are quasi-F values from GLM analyses of deviance.
*P<0.05; **P<0.01; ***P<0.001
Table 3 Effects of plant size, patch, and genotype of Plantago
lanceolata in the Tvärminne field site (exp. 3) on the number of
oviposited and the number of hatched Melitaea cinxia egg clusters per
plant
df Egg clusters Hatched
Plant size 1 45.6*** 56.5***
Patch 39 2.3*** 2.2***
Genotype 9 5.1*** 5.4***
Error 333
Values are quasi-F values from GLM analyses of deviance.
***P<0.001
1208 J Chem Ecol (2008) 34:1202–1212tend to have a larger pupal size (Harvey et al. 2005;
Saastamoinen et al. 2007). These trait values are usually
associated with a higher fitness (Roff 1992). There are
many factors that affect larval fitness of M. cinxia, but
larval size is strongly correlated with overwintering
survival, which can be low (Nieminen et al. 2001;
Kuussaari et al. 2004). The shorter development time also
may be an advantage for M. cinxia because of the short
growing season (Kuussaari et al. 2004). Furthermore, fast
development decreases the period of time the caterpillar
will be vulnerable to its natural enemies (Benrey and Denno
1997; van Nouhuys and Lei 2004).
Another advantage of feeding on plants with a high
concentration of iridoid glycosides may be chemical
defense against predators and parasitoids. Specialized
larvae feeding on iridoid-producing plants are able to
sequester these iridoids and become distasteful or noxious
to their natural enemies (Bowers 1980, 1981, 1990; Bowers
and Puttick 1986; Gardner and Stermitz 1988;L ’Empereur
and Stermitz 1990; Stermitz et al. 1994; Camara 1997;
Nieminen et al. 2003).
Table 4 Univariate and multiple regressions of genotype means for
morphological and chemical traits on genotype means for the number
of Melitaea cinxia egg clusters per plant of Plantago lanceolata in the
Tvärminne field site (exp. 3)
Univariate Multivariate
Total IGs −0.503 –
Aucubin −0.648* −0.231
Catalpol −0.140 –
Plant size index +0.199 –
No. of leaves per plant +0.503 +0.278
Max. leaf length −0.718* −0.583
+
Max. leaf width −0.005 –
Model R
2 0.71*
Values are standardized regression coefficients.
+P<0.10; *P<0.05
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Fig. 2 Number of Melitaea cinxia egg clusters (Y-axis log scale) per
Plantago lanceolata plant in experiment 3, as a function of a number
of leaves per plant, b length of the longest leaf per plant, and c leaf
aucubin concentration (X-axis, square root scale). Black diamonds
represent genotype mean values of traits with corresponding solid
lines of regression. Open circles (sample size on top) represent mean
numbers of egg clusters for classes of phenotypic values of leaf
number and leaf length ± 1 SE (class limits indicated above the X-
axis). Dotted lines are corresponding polynomial regression lines
based on parameter estimates from Poisson regressions of the
phenotypic data
J Chem Ecol (2008) 34:1202–1212 1209 1209The fact that we did not observe an association of
oviposition choice with IGs in experiment 2 (large cages
NL) could be because of the overall low concentration of
IGs in these plants. Perhaps, the female M. cinxia is not
able to discriminate at such low absolute amounts of IGs
(on average lower than 1% of the dry weight). This would
suggest a threshold concentration below which these
secondary metabolites are no longer used as a suitable cue
for oviposition decisions although the small sample size of
six females also could have contributed to the lack of a
significant relationship.
The results of the field experiment (exp. 3) differed from
the results of the cage studies. Perhaps, this is not
surprising. In the field, M. cinxia and other checkerspots
visit many possible plants without ovipositing, and the
ranking of plants can depend on time and context (Schöps
and Hanski 2001; Singer 2004). Thus, the plants used in the
field should probably be considered a more absolute choice
than in the cages where the butterflies may have selected
plants that they would reject in other circumstances.
Notably, the size of the plant (mainly the number of leaves
per plant) had a positive effect on the oviposition
preference of the females in the field, while in the cage
experiment there was no association (exp. 1) or a signi-
ficantly negative association (exp. 2) between these
parameters. As mentioned, the higher oviposition rates of
M. cinxia on larger plants in the field are in agreement with
observations in natural populations by Nieminen et al.
(2003). This is not unexpected given the limited mobility of
early instar gregarious caterpillars (Kuussaari et al. 2004).
A further possible explanation for the stronger impact of
plant size on oviposition in the field than in cage experi-
ments is the different range of plant sizes between the field
and cage studies. In the field, the difference in leaf number
between the smallest and largest plant was 78; in the cage
study in Finland, the mean difference in leaf number
between the plants between which M. cinxia could choose
was only 3.3. Because of this smaller variation in plant size
in the cage experiments, the oviposition choice of the
female in the cages could be based to a greater extent on
chemical rather than visual stimuli. In addition, the use of
visual cues may manifest more clearly in the field
experiment where butterflies may encounter plants at a
distance, whereas in the cages they are constrained in close
proximity to each plant.
Future studies are needed to disentangle the relative
importance of plant size and IG concentrations of individ-
ual plants for oviposition in the field. In the cage experi-
ments, IGs were measured for each individual plant.
Associations between oviposition and traits including IGs
could be studied at the individual plant level. However, in
the field experiment (exp. 3), IG concentrations were
measured for a subset of plants only. Based on these
measurements, genotype mean IG concentrations were
used to assess associations between oviposition and IGs.
This resulted in a loss of power to detect associations and
reduced our ability do distinguish effects of morphological
traits from IGs on oviposition.
In summary, our results show that ovipositing M. cinxia
discriminate between host plants based at least on factors
associated with plant chemistry and size. For females in the
field experiment, the size of the plant was a positive
stimulus, whereas in the cages, where plants were more
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catalpol (open dots) of ten Plantago lanceolata genotypes used in
experiment 2 vs. the average IG concentrations of the same genotypes
in experiment 3. See text for a detailed description of the experiments
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Fig. 4 Mean aucubin and catalpol concentration of Plantago
lanceolata plants used in the three experiments. Black bars indicate
the mean aucubin concentration, hatched bars the mean catalpol
concentration. Exp. 1 N: small cages, Finland (Dutch genotypes); exp.
1 F: small cages, Finland (Finnish plants); exp. 2: large cage, the
Netherlands; exp. 3: field site, Finland. See text for a detailed
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1210 J Chem Ecol (2008) 34:1202–1212similar in size and appearance, chemical stimuli were
apparently more important. In particular, oviposition tended
to increase with constitutive concentration of aucubin.
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